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ABSTRACT
A new technique to quantify lipids in bivalve larvae, 
using the fluorescent stain Nile Red and epifluorescence 
microscopy was developed and evaluated. Protocols to stain the 
larvae and to transform units of fluorescence into units of 
lipid mass were obtained, using two methods of 
standardization, the "microdroplet" and the "solution" method, 
with peanut oil and menhaden fish oil as lipid standards. 
Lipid content in larvae Crassostrea virainica was estimated 
throughout development from eggs to pediveliger stage, using 
fluorescent and analytical techniques. Comparison of the two 
methods resulted in differences in the absolute values, and in 
some cases, in the direction of the change in lipid content 
from one stage of development to the next one. Most 
differences were found in the lipid content of larvae that had 
been starved for 3 or 4 days. With fluorescent analysis these 
were consistently low than the corresponding fed group, but 
trends were not consistent with analytical assay. The 
relatively high sample size (60 individuals) and the fact that 
Nile Red fluorescence potentially reflects differences in the 
relative proportions of saturated and unsaturated fatty acids, 
could explain the consistent results of this technique. R2 
values were in the order of 0.8 and 0.9 when fed and starved 
larvae were treated separatedly, but when treated together, 
the values were much lower, between 0.5 and 0.6, suggesting 
that the type of relation between the two techniques differs 
in relation to the "health" condition of the larvae.
The fluorescent technique is relatively simple and fast; 
provides information on individual variability and appears to 
be highly sensitive to detect small changes in the lipid 
content between populations.
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Fluorescing larvae Crassostrea vircrinica
with Nile Red
EVALUATION OF A TECHNIQUE TO QUANTIFY LIPIDS IN BIVALVE LARVAE 
Crassostrea virqinica Gmelin, USING NILE RED AND 
EPIFLUORESCENCE MICROSCOPY
2INTRODUCTION
The study of the physiological condition of marine 
planktonic larvae has been important in understanding their 
ecology and behavior. Numerous methods are available to 
examine such functions as respiration and utilization of 
biochemical reserves under favorable and stressed conditions 
(review by Holland, 1978; Cetta and Capuzzo, 1982; Mann and 
Gallager, 1984, 1985; Gallager and Mann, 1986; Shilling and
Manahan, 1990; Welborn and Manahan, 1990). The level at 
which physiological condition is assessed is of primary 
importance when examining the in situ response of organisms 
to environmental changes, when performing laboratory studies 
under a variety of controlled conditions, and when culturing 
larvae either for commercial or experimental purposes. 
Population parameters such as growth and mortality rates, 
may reflect physiological changes when they can no longer be 
controlled (Gallager and Mann, 1981), i.e. a high mortality 
rate reflecting the spreading of a disease in the culture 
when most of the larvae have been affected. The use of 
intracellular biochemical constituents such as 
carbohydrates, proteins, lipids, ATP:ADP ratio, and DNA:RNA 
ratio, have advantages over the population parameters in 
assessing physiological condition since they reflect the 
metabolic processes occurring and allow changes in 
metabolism to be detected.
3There are a variety of quantitative chemical techniques 
to measure biochemical constituents. These techniques can be 
used with very small quantities of material, between 5 - 1 0  
mg (see Holland and Gabbott, 1971; Holland and Hannant, 
1973) ; but even so their application may be compromised by 
the amount of material required for the assay. The 
techniques also provide estimates of a pooled population 
sample, thus providing no information on intrapopulation 
variability.
More recently, cytophotometric techniques have been 
developed to detect and/or quantify substances at the 
cellular level of biological organization. By this method 
the quantities of compounds are assessed optically, 
principally by microscopy (Rost, 1980). Microscopic 
techniques open a new range of possibilities since they can 
be used to localize and quantify specific substances in 
individuals, cells and within subcellulat compartments, as 
well as to determine the chemical structure of intra and 
extracellular products (Rost, 1980). It is also possible to 
study systems in situ, avoiding the often controversial 
steps of extraction and purification usually associated with 
biochemical assays (Nelson, 1975; Hopkins et al., 1984).
Cytophotometry can be based on any of the optical 
phenomena of absorption, luminescence (fluorescence,
4phosphorescence) , retardation, or reflection (Rost, 1980) . 
Cytophotometry to study lipids in bivalve larvae was first 
applied by Gallager and Mann (1981, 1986a), who used the
lipid stains Sudan Black B and Oil Red O (ORO) to determine
lipid content in individual larvae of the bivalve species 
Teredo navalis L., Crassostrea virqinica Gmelin, Ostrea 
edulis L. and Mercenaria mercenaria L. An ORO lipid index 
was developed to grade the larvae based on the amount of 
stain present, and a positive correlation between the 
survival of larvae throughout development and the 
qualitative index was found. This technique proved to be a 
rapid method to qualitatively estimate the lipid content in 
individual larvae. A later study by the same authors
(Gallager and Mann, 1986b) focused on the use of the stain 
Oil Red O combined with absorption photometry, using a 
modification of the two-wavelength procedure proposed by 
Mendelsohn (1966). The technique provided quantitative
information at the individual organism level, but proved to 
be tedious and time consuming due to the large number of 
measurements necessary to correct for background absorption.
Fluorometry uses the property of some molecules to emit 
light as a result of previous excitation with high energy 
radiation (e.g. uv light) (Christian, 1977). Some molecules 
are naturally fluorescent (i.e. autofluorescent) while 
others can be made to fluoresce by the interaction with
5specific dyes, known as fluorochromes. A fundamental 
advantage of fluorescence over absorbance measurements is 
the absence of "distributional error" (produced by non- 
uniform distribution of the stained material within the 
subject) due to the existence of a linear proportionality 
between the photometric signal and mass of fluorescent 
substance (Sernetz and Thaer, 197 0). Furthermore, the high 
sensitivity of fluorescent stain methods allows detection of 
very low concentrations of the substance to be quantified 
(Sernetz and Thaer, 1970; Rost, 1980; Fasten, 1981). In this 
study the fluorescent dye Nile Red will be evaluated as a 
tool to quantify lipid content of intact bivalve larvae at 
various developmental stages.
Background information on the fluorochrome Nile Red
Nile Red (diethylamino-5H-benzo[alpha]phenoxazine-5- 
one) (Fig 1) is a fluorescent dye whose characteristics make 
it ideal for the histochemical detection of lipids. It is an 
uncharged heterocyclic molecule, highly soluble in organic 
solvents and lipids but relatively insoluble in water 
(Fowler and Greenspan, 1985; Greenspan et al., 1985). Its
fluorescence maxima varies depending on the relative 
hydrophobicity of the surrounding medium and is totally 
quenched in water. It has high photochemical stability.
6Fig. 1 M o l e c u l a r  s t r u c t u r e  o f  N i l e  R e d
7The first report on the use of Nile Red as a 
fluorescent histochemical stain for tissue lipids was by 
Fowler and Greenspan (1985) , who compared Nile Red and Oil 
Red 0 (a nonfluorescent lipid stain), and concluded that 
Nile Red has considerable advantages because it can be used 
in aqueous solutions and has the potential to distinguish 
between neutral lipids, phospholipids and other amphipathic 
lipids. Greenspan et al. (1985) compared Nile Red with other 
fluorescent stains including Benz(a)pyrene, Fili pin, Dil, 
NBD-aminododecanoic acid, NBD-MANC, Rhodamine B and 6G, and 
considered it to be superior to all of them.
Examination of the fluorescent properties of Nile Red 
in hydrophobic environments produced by different organic 
solvents (n-heptane, xylene, chloroform, acetone, ethanol) 
and in aqueous suspensions of different classes of lipids 
and proteins shows that the fluorescence maxima exhibits a 
blue shift that is proportional to the degree of 
hydrophobicity of the environment (Greenspan et al., 1985). 
This behavior underlies the use of the dye to discriminate 
various classes of lipids, and stresses the importance of 
the solvents used in preparation of the staining solution. 
If, however, all measurements are made at the respective 
fluorescence maxima, the relative intensities are 
approximately equal in all organic solvents (Greenspan et 
al., 1985). When the fluorescence is measured at wavelength
8< 57 0 nm, extremely hydrophobic environments (i.e. neutral
lipid droplets) are preferentially detected. When measured 
at wavelengths > 590 nm, a general interaction of the
fluorochrome with lipids, mostly polar lipids, is detected 
(Greenspan et al., 1985).
Nile Red has been used in a variety of biological and 
medical applications including measurement of lipids in 
several mammalian tissues, eg. aorta and liver cells of 
rabbits (Fowler and Greenspan, 19 85), human plasma, 
microsomal membranes of rat liver, smooth muscle of primate 
and aorta and peritoneal cells of mice (Greenspan et al., 
1985) . Sackett and Wolf (1987) used it to characterize 
proteins associated with lipids in animal cells. Cooksey et 
al. (1987), Chelf (1990) and Priscu et al. (1990) measured 
lipid production of unicellular algal populations and Cole 
et al. (1990) measured the lipid content of ciliates during 
growth.
I have found no reports in the published literature of 
the application of Nile Red to study lipids in whole 
multicellular organisms such as marine plankton.
Why are lipids thought to be important?
The hypothesis that lipids represent an important
9source of energy reserves for a variety of organisms is well 
documented. Studies on the biochemical composition of whole 
eggs of marine invertebrates, including bivalves and 
crustaceans, have shown that in most cases, proteins and 
lipids are the main constituents present in the form of 
proteinaceous yolk granules and lipid vesicles (see review 
by Holland, 1978) . Lipids are the main energy source for 
growth during egg development, while proteins are used for 
the structure of the embryo (Holland, 1978). There are 
species which do not conform to this generalization, such as 
the barnacles Balanus balanoides, B .balanus,and Chthamalus 
stellatus. in which the carbohydrates seem to play an 
important role as energy reserves (Barnes, 19 65; Achituv and 
Barnes, 1976).
One of the first studies of bivalve larvae - the 
subject of investigation in this thesis - was that of 
Collyer (1957), who examined larvae of the oyster Ostrea 
edulis L. and found that glycogen reserves did not correlate 
with the size of the larvae or yield of spat. Millar and 
Scott (1967) investigated the biochemical composition of 
larvae of 0. edulis during development under conditions of 
starvation, and concluded that even though all three 
components - protein, lipid and carbohydrates - supply 
energy, the majority was provided by lipids. Holland and 
Spencer (1973), in a similar study, found that lipid
10
reserves accumulate during larval development and are used, 
together with protein, during short periods of starvation. 
Helm et al. (1973) found a significant positive correlation 
between the growth increment in the first 9 6 hours and the 
proportion of total and neutral lipids in 0.edulis larvae.
The importance of the availability of energy reserves 
may vary with the type of larval development and with 
environmental conditions such as food abundance and 
temperature. Crassostrea virginica (Gmelin) is a bivalve 
species that sheds the eggs and sperm into the surrounding 
water, where fertilization occurs. Depending on temperature, 
the first shelled larval stage, commonly referred to as the 
D-stage, is reached between 18-24 hours at 27-29 °C (Chu and 
Webb, 1984). For Crassostrea gigas (Thunberg) this time is 
between 18 and 24 hours, and ingestion of food begins 6 to 9 
hours after reaching the D- stage (Lucas and Rangel, 1983). 
The non-feeding period during development of the egg to the 
D-larval stage is where energy reserves are of major 
importance in the survival and subsequent development of the 
larvae. As an example, lipid in eggs of C .virginica was 
rapidly metabolized during embryogenesis before the 
initiation of particulate feeding (Gallager et al., 1986), 
and larval survival expressed as a percentage of eggs 
developing to the D-stage, was significantly correlated with 
the initial lipid content in the eggs and the proportion of
11
it catabolized during this period (Gallager and Mann, 1986). 
The fact that energy reserves provided by the parents are 
crucial to larval survival and growth has stimulated many 
studies concerned with management of the adult broodstock to 
obtain eggs in good condition (Helm et al., 1973; Haley and 
Newkirk, 1977; Lannan et al., 1980; Lannan, 1980a,b; 
Kraeuter et al., 1982).
Cessation of feeding activity is observed during the 
process of metamorphosis and during periods of starvation. 
Results obtained for bivalve species support the idea of the 
important role of lipids as energy reserves throughout the 
larval cycle, especially during periods of reduced feeding 
activity (Bayne, 1975; Holland and Spencer, 1973; Gallager 
and Mann, 1981, 1986; Mann and Gallager, 1985).
Assays for lipids are applied generally and 
specifically in larvae, from both biochemical and 
photometric approaches, but each has methodological 
limitations. The evaluation of Nile Red in the present study 
offers the opportunity to examine a method that continues to 
provide the accuracy of the previously mentioned technigues, 
but at the individual organism level and with greater ease 
than previous methods.
12
OBJECTIVES
The overall objective of this study is to evaluate a 
technique using the fluorescent stain Nile Red to quantify 
the lipid content of eggs and larvae of the oyster
Crassostrea virainica (Gmelin). Three major aspects are 
examined:
1) Development of protocols to stain the larvae and
quantify their lipid content with the fluorescent
technique.
2) The degree of correlation between the fluorescent 
technique and a commonly used biochemical assay 
for lipid quantification.
3) The role of lipids during larval development in 
normal and stressed conditions as determined by 
the fluorescence and biochemical techniques.
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PART I. STAINING PROTOCOL AND MICROSCOPY.
INTRODUCTION.
As a first step it is necessary to develop protocols 
for the calibration of the fluorescence measurements 
(generally expressed as relative units of fluorescence 
intensity) for the staining process of the larvae, and for 
the quantification of the amount of lipid present. In order 
to complete this first step the following were examined:
1) The use of an uniform solution of a known volume 
of lipid (peanut oil), and known concentration of 
the fluorochrome Nile Red as means of calibrating 
the photometric device.
2) The effect of algal lipid present in the larval 
gut on the fluorescence intensity of stained 
larvae. In a study examining the effect of algal 
diet on larvae of Crassostrea qicras, Waldock and 
Nascimento (1979) starved all larvae for 6 hours 
to allow the guts to clear. A 6 hour starvation 
period was examined in this study.
3) Comparison of fluorescence of stained material for 
two different carrier solvents for the
fluorochrome, acetone and ethylene glycol, and the 
effect of fixation with paraformaldehyde before 
staining.
Acetone is the carrier solvent generally used to 
prepare the stock of Nile Red solution (Fowler and 
Greenspan, 1985; Greenspan et al., 1985; Cooksey 
et al., 1987; Cole et al., 1990). Ethylene glycol
is recommended as a solvent for most lipid stains, 
such as Oil Red 0, Sudan III, as it provides a low 
risk of extraction of lipids during storage of 
samples. The techniques for staining and 
quantifying the stained material differ between 
fluorescent and non-fluorescent stains; however, 
the ability to stain with Nile Red and 
subsequently store the samples until analysis, has 
obvious value. In order to study the effect of 
solvent on the fluorochrome and its application 
for storage of samples, both ethylene glycol and 
acetone were examined as carrier solvents for Nile 
Red.
What is the shape of the curve of fluorescence vs. 
time? Is it the same for different concentrations 
of the fluorochrome?. Two concentrations were 
tested, 5 ug/ml and 10 ug/ml.
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5) What is the concentration of stain necessary to 
achieve saturation?. From the information in the 
literature, a concentration of 5 ug/ml is expected 
to saturate the oyster larvae.
6) What is the recommended time for optimum 
staining?. The complexity associated with 
multicellular and shelled organisms may affect the 
time required for the stain to reach all areas. 
Previous studies on cultured mammalian cells, 
ciliates and unicellular algae, recommend staining 
times ranging from less than 1 minute to 30 
minutes. For this study, staining times between 1 
and 2 hours were examined.
Standardization of the staining technique
The application of microfluorometry depends on the 
development of a reliable system of fluorescence standards 
required for calibration of the fluorometer (Sernetz and 
Thaer, 1970). Two types of standard are used: those for the 
standardization of the fluorometer, and those which serve as 
a reference standard for the fluorochrome (Ploem, 1970). The 
intensity of the fluorescence is expressed as relative 
units, so by standardizing the fluorometer, the scale of 
fluorescence intensity is made reproducible and comparison
16
of results obtained at different times and even with 
different equipment is possible. On the other hand, the 
standardization of the fluorochrome provides a relationship 
between the measured fluorescence intensity and the absolute 
amount of the stained substance that is present in a sample.
The choice of a standard in any biochemical assay is 
important. Peanut oil was chosen for use in the present 
study. It is easily available, inexpensive, liquid and 100 % 
lipid. In the present application it is preferable to using 
extracted lipid of oyster larvae because the latter is 
obtained after extraction as a white powder, which must then 
be dissolved in specific organic solvents (such as 
chloroform or a mixture of chloroform and methanol), that 
may affect the characteristics of the fluorescence. The 
constituent lipids of peanut oil are a mixture of saturated 
and unsaturated fatty acids (Table 1) . To be a reliable 
standard, a constant relationship (not necessarily 1:1) must 
exist between the relative amounts of peanut oil lipids and 
oyster larvae lipids.
Stability and reproducibility are the most important 
properties of the fluorometer standard, to ensure that 
relative values of fluorescence taken at different times are 
comparable. Various techniques have been suggested to 
calibrate the fluorometer and the fluorochrome: urany1-glass
plates or glass capillaries filled with fluorochrome 
solution or with an emulsified solution that contains 
microdroplets of fluorochrome. The last two are the most 
recommended at present (Ploem, 1969; Sernetz and Thaer, 
197 0) . In both cases the volume of stained material can be 
calculated, and the amount of fluorochrome related to the 
intensity of fluorescence. The standard solution should be 
measured under exactly the same conditions as the object 
under investigation and both should be absolutely comparable 
(Ploem, 1970; Sernetz and Thaer, 1970). In this study, both 
of these techniques are examined.
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TABLE 1 Fatty acid composition of peanut oil and 
menhaden fish oil(Brevoortia tyrannus^ 
(expressed in %) (Taken from Cood et al., 1975 
and Merck Index, 1983).
PEANUT OIL MENHADEN FISH
OIL
FATTY ACID % %
Myristic 14:0 — » —  — 6
Palmitic 16:0 6 - 9 16
Stearic 18:0 3 - 6 0.6
Oleic 18:1 53 - 71 ---
Linoleic 18:2 13 - 27 ---
Linolenic 18:3 3 - 4 30
Arachidic 20:0 2 - 4 ---
Behenic 22:0 1 - 3 ---
Lignoceric 24:0 1 - 3 ---
Highly
unsaturated 20: --- 19
Highly
unsaturated 22: --- 11
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MATERIALS AND METHODS.
1. Fluorescence microscopy
A Zeiss IM35 inverted microscope equipped with 
epifluorescence optics and a PMI-2 photometer device was 
used. The combination of filters used in all experiments 
provided excitation light of 485 nm and emission light 
between 515 - 565 nm. Flattened glass capillary slides
(Vitrodynamics) of 100 mm length, 3 mm wide and 300 urn depth 
were used for observation of the material . Preliminary 
study to examine the effects of focus and position of the 
field of observation along the slide showed that the random 
error associated with the measurement of fluorescence is 
similar throughout the slide, but the position of the slide 
at which the fluorescence is measured has an important 
effect in its absolute value. This effect was greater for an 
objective of 25X/0.6 (magnification/numerical aperture), as 
compared to 10X/0.3. It follows that measurements were taken 
within the central area of the slide, avoiding any of the 
four extremes, and the objective used was 10X/0.3. At the 
beginning of each assay the focus of the microscope was 
fixed and only larvae in that focal plane were examined. The 
photometer was then calibrated to 100 (arbitrary units) with 
a slide containing stained peanut oil (as described below). 
No change in any of these settings was made during the
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session, and only larvae that appeared focus were chosen to 
measure their fluorescence. The size of field of view was 
controlled by insertion of pin hole apertures of various 
sizes in the light path chosen to match the size of the 
larvae. These reduced the peripheral region of the field of 
view.
2. Calibration of fluorometer
Two types of solutions were tested for reproducibility 
and stability. For the first one 0.10 mg of Nile Red (Sigma 
Chemical and Kodak) was dissolved in 5 ml of peanut oil 
(final concentration of Nile Red 20 ug/ml), mixed thoroughly 
(vortex) , left to stand for a period of time and filtered 
through Whatman paper # 4 to remove undissolved stain. For 
the second, 20 ul and 40 ul of stock solution Nile Red in 
acetone (250 ug/ml) were added to 1 ml of peanut oil (final 
concentrations 5 and 10 ug/ml respectively), and mixed 
gently. The magnitude of the weighing and pipetting errors 
was estimated from comparison of 4 replicates.
To examine the stability of fluorescence over time, 
readings were taken every 15 or 3 0 minutes for a total 
period of two hours, and new solutions were prepared at 
intervals of days and compared with older solutions. The 
amount of dye required was determined based on the
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fluorescence intensity of the material being observed, so 
the complete range of fluorescence was covered.
3. Calibration of the fluorochrome
Microdroplet method
Ten microliters of filtered peanut oil were added to 1 
ml of water (or ethylene glycol when this was the carrier 
solvent for Nile Red), and mixed with a vortex mixer to form 
droplets. The size of the droplets was determined with a 
calibrated ocular micrometer. The staining process followed 
the same steps described for the larvae in each particular 
experiment. To calculate the amount of lipid present in the 
droplet, the volume of the droplet, determined as the volume 
of a sphere ( (pi* (diameter)3) / 6) , and the specific density 
of peanut oil (0.912 gr/ml) were used.
Fluorescence of stained droplets of peanut oil of 
different sizes was determined for various pinhole apertures 
used in measuring larval fluorescence, and the respective 
calibration curve (fluorescence intensity vs. amount of 
lipid) obtained by regression analysis. These series of 
curves were used to estimate the amount of lipid present in 
the larvae. Two focus settings were examined with the 
microdroplet method, one (focus 1) corresponding to that at
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which the droplets were focused, and another (focus 2) 
corresponding to the focus at which the larvae under 
examination were focused, which generally resulted in very 
unfocused droplets under bright field, and diffuse 
fluorescence when excited with blue light. This comparison 
is based on the idea that by using the focus corresponding 
to focused larvae (focus 2), the distance between the 
fluorescent body (lipid droplets) and the lens collecting 
the light is kept constant in sample (larvae) and standard 
(peanut oil droplets), which is not the case when focus 1 is 
used.
Solution method
A volume of stock solution of Nile Red in acetone (250 
ug/ml) was added to filtered peanut oil to obtain a series 
of solutions with concentrations of fluorochrome ranging 
from 0 to 10 ug/ml. The microslide was filled with each of 
these solutions and fluorescence recorded for different pin 
hole apertures. These corresponded to different absolute 
quantities. Regression analyses were performed to generate a 
relationship between concentration of fluorochrome and 
intensity of fluorescence. To correlate the concentration of 
fluorochrome with absolute amount of lipid, a volume of 
peanut oil was saturated with powdered Nile Red (equivalent 
to 100% stained peanut oil) , and diluted to the necessary
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concentration to match the fluorescence range of the 
previous curve. Using the same calibration of the 
fluorometer, fluorescence was measured for different 
percentages of saturation, and the relationship between 
fluorescence and percentage of saturation was obtained. The 
axis corresponding to fluorescence was a common factor 
between the two experiments (because the calibration was 
kept constant), allowing the generation of a relationship 
between percentage of saturation and concentration of Nile 
Red.
4. Development of staining protocol
I. Effect of carrier solvent and fixation
a) Excitation and emission spectra
Excitation and emission spectra of the fluorescence 
intensity of Nile Red dissolved in acetone, ethylene glycol 
and peanut oil were determined, with a SPF-500 
Spectrofluorometer. The excitation spectrum shows the 
variation in the intensity of the fluorescence with change 
in the wavelength of irradiation, while keeping constant the 
wavelength of emitted light. The emission spectrum shows the 
intensity of fluorescence emitted at various wavelengths at 
a constant wavelength of excitation light. The excitation
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spectrum was determined at the corresponding wavelength of 
maximum emission (580 nm for peanut oil, 600 nm for acetone 
and 650 nm for ethylene glycol) , and emission spectrum was 
determined at 530 nm excitation light for all solutions. 
Nile Red concentration was 1 ug/ml for the solutions with 
acetone and ethylene glycol, and 1.2% of a 100% saturated 
solution of peanut oil (the equivalent in weight units is
not known).
b) On stained larvae
To study the effect of the carrier solvent on the 
fluorescence of stained material, a batch of larvae was 
separated in 4 groups:
Group 1: stained with solution of Nile Red dissolved in
ethylene glycol;
Group 2: stained with solution of Nile Red dissolved in
acetone;
Groups 3 and 4: same as groups 1 and 2 respectively but with 
an additional step of fixation with 10% paraformaldehyde for 
30 minutes before staining.
Group 5: stained with solution of Nile Red dissolved in
acetone followed by addition of 5 drops of paraformaldehyde 
for 5 minutes.
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In all cases, the concentration of Nile Red was 10 
ug/ml and staining was for 1.5 hours. Following this, excess 
stain was washed out with filtered seawater (FSW) and 
samples observed microscopically. Correction blanks were as 
follows:
1. Larvae unfixed and unstained in saltwater.
2. Larvae unfixed and unstained in ethylene 
glycol.
3. Larvae fixed for 30 minutes with 10% 
paraformaldehyde in saltwater.
4. Larvae fixed for 30 minutes with 10% 
paraformaldehyde, in ethylene glycol.
5. Larvae fixed for 5 minutes with 5 drops 10%
p a r a f o r m a l d e h y d e  in s a l t w a t e r .
6. Larvae immersed in solution of
chloroform:methanol 1:2 overnight (to extract 
the lipids) and stained following the steps for 
groups 1 to 4.
c) On stained peanut oil droplets
The staining and addition of fixative were the same as 
for the larvae. Correction blanks were also the same except 
the one where samples are immersed in solution of 
chloroform:methanol. In this case that correction blank is
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not required.
Results from this experiment showed that fluorescence 
intensity is greater when the carrier solvent used is 
acetone (see Results, section 3.1 and Discussion). For the 
next series of experiments the stock solution of the dye 
used in all cases was Nile Red dissolved in acetone (250 
ug/ml).
II. Effect of algal lipid present in larval guts
A group of oyster larvae from a single culture was 
separated into 8 glass bottles of 1.8 liter capacity, filled 
with 1.7 liters of FSW (0.42 um mesh) at a density of 8 
larvae/ml. To four of the bottles the algae Isochrvsis 
galbana was added to a final concentration of 5xl04 
cells/ml, and to the other four no algae was added. After 6 
hours, larvae from the same treatment (fed or starved) were 
pooled and concentrated in a small volume of water, and 
aliquots of 1 ml containing approximately 200 - 500 larvae 
were stained with Nile Red at a final concentration of 5 
ug/ml for 1 hour. Excess stain was then removed with FSW, 
and 5 drops/ml of 10% v/v formalin of neutral pH (prepared 
with seawater) were added for 5 minutes. The preparation was 
observed under the microscope. Fluorescence of unstained 
larvae which had been fixed for 5 minutes with 10% formalin
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was used as correction blank for fluorescence of the shell.
A difference was observed (see section 3. II in 
Results), therefore for all subsequent experiments larvae 
were first kept in FSW for 6 hours to allow clearing of 
guts.
Ill. Time-course experiments
Larvae were stained for 1.5 hours at two different 
concentrations of the fluorochrome: 5 ug/ml and 10 ug/ml.
Excess stain was washed out with FSW and 5 drops of 10% 
formalin were then added for 5 minutes. Readings of 
fluorescence intensity were taken at intervals of 1 to 2 
hours for a total period of 4 to 6 hours.
Correction blanks were:
1. Unstained larvae fixed with formalin for 5 
minutes
2. Larvae immersed in solution of 1:2
chloroform:methanol overnight, then stained with the 
same procedure used for each concentration of stain.
To examine the effect of continuous excitation light on 
fluorescence of stained larvae, measurements of fluorescence
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intensity were taken every 3 0 seconds for 10 minutes.
IV. Duration of staining time
Larvae were divided into three groups and stained with 
a concentration of 5 ug/ml for 1 hour (group 1), 1.5 hours
(group 2) and 2 hours (group 3) . They were then washed to 
remove excess stain and fixed for 5 minutes by adding 5 
drops of 10% paraformaldehyde. Fluorescence intensity was 
recorded within one hour after staining. Correction blanks 
were:
1. Unstained larvae fixed for 5 minutes.
2. Larvae immersed in 1:2 chloroform:methanol 
overnight and stained with the same procedure 
used for the different staining times.
V. Concentration of fluorochrome required to saturate the 
larvae
Two experiments were conducted. In the first one, 
larvae were divided into three groups and stained for 1.5 
hours at concentrations of 5 ug/ml, 10 ug/ml and 15 ug/ml 
respectively. Excess stain was washed out with FSW and 5
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drops of 10% paraformaldehyde was added for 5 minutes. 
Fluorescence intensity was recorded within the first two 
hours after staining was completed. Correction blanks were:
1. Unstained larvae fixed with 10% 
paraformaldehyde for 5 minutes.
2. Larvae inmersed in solution of 1:2 
chloroform:methanol overnight and stained with 
the procedure used for each concentration of 
stain.
The results obtained in this experiment indicated that 
it was necessary to run another experiment using a lower 
range of Nile Red concentrations (see Results) . The same 
design was repeated with a different group of larvae, but 
concentrations of Nile Red were 1.25 ug/ml, 2.5 ug/ml and 5 
ug/ml.
STATISTICAL ANALYSES
The experimental design for most experiments described 
in parts 3 and 4 consisted of 3 replicates per treatment 
(represented by 3 vials treated in the same way) , with 2 
slides and 10 observations in each slide, taken from each 
vial. This made a total of 60 observations per treatment. 
The choice for this design was based on a preliminary study
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to quantify the degree of variability between observations 
within slides, and between slides and vials. The results 
were analyzed statistically with a mixed nested analysis of 
variance, with one or two main factors (fixed effect), 
depending on the particular experiment, and three levels 
nested: observations nested within slides, slides nested
within vials and vials nested within treatment (random 
effects). In all cases alpha level was 0.05. Test for 
homogeneity of variances was performed with Cochran's Test 
(Winer, 1981). Welch's approximate t test (Day and Quinn, 
1989) was used for pairwise comparison of treatment means 
with unequal variances, and the T3 method (Day and Quinn, 
1989) for unplanned comparisons of treatment means with 
unequal variances.
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RESULTS
Calibration of the microfluorometer
a . Reproducibi1itv.
The random error associated with the measurement of 
fluorescence and the pipetting error associated with the 
preparation of solutions, were both larger for the solution 
prepared with powdered Nile Red compared to the one prepared 
with stock solution of Nile Red dissolved in acetone 
(Table 2). A problem observed during the preparation of 
solutions was that some of the powdered dye would not 
dissolve in the peanut oil, necessitating the incorporation 
of a filtration step. As a consequence, the real 
concentration of the solution was lower than expected, and 
probably more variable among replicates. An analysis of 
variance to test for difference among replicates was 
significant for the solution prepared with powdered stain 
(p < 0.000), but nonsignificant for the ones prepared with 
the stock staining solution (p=0.530 for 5 ug/ml 
concentration of Nile Red and p=0.558 for 10 ug/ml).
For the solution prepared with stock Nile Red, the 
magnitude of the errors was not different between the two 
concentrations examined (Table 2). The choice for one
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concentration or another will be determined by the range of 
fluorescence intensities of the object of study, so it is an 
advantage that concentration of the calibrator solution (in 
the range tested in this study) does not show significant 
variation in the errors associated with the technique.
The degree of difference that existed between various 
replicates of the calibration solution did not result in an 
"artificial" difference among the fluorescence of larvae 
belonging to the same batch (and therefore expected to have 
similar fluorescence) (Table 3). Analysis of variance to 
compare replicate means showed no significant difference 
among them (p= 0.645 at alpha level 0.05). The error due to 
differences among replicates did not introduce a detectable 
change in the measurements taken, which favors its choice as 
calibrator solution.
b. Stability of fluorescence over time.
Analysis of variance to test for difference in the 
fluorescence means over time (24 hours) , of the three types 
of solutions used to calibrate the fluorometer showed:
1) Nonsignificance for the solution of peanut oil stained 
with powdered Nile Red (p=0.655, alpha level 0.05).
Table 2 Random and pipetting error associated with the 
calibration of the fluorometer for two types 
of stained solution of peanut oil.
Solution Concentration Pipetting Random
of Nile Red error % error % 
(ug/ml)
Peanut oil stained 20 5.0 5.4
with powdered Nile
Red
Peanut oil stained 5 0.8 2.4
with solution of
tfile Red in acetone 10 1.1 2.3
34
Table 3 Results of the analysis of variance to test 
for difference among fluorescence means of 
stained larvae when the fluorometer is 
calibrated with 5 solution replicates.
SOURCE df MS
Calibrator
uiai(calibrator)
Error
4
5 
90
3.56 0.65 0.654
5.51 1.83 0.115
3 .02
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2) Nonsignificance for peanut oil stained with stock 
solution of Nile Red in acetone, at 10 ug/ml (p=0.529, 
alpha level 0.05).
3) Significant difference for the solution of peanut oil 
stained with stock at a concentration of 5 ug/ml 
(p=0.049, alpha level 0.05).
The shape of the curves does not follow a constant 
pattern of variation (Fig 2) , suggesting that the 
differences are more likely due to the error associated with 
the measurement than to instability of the fluorescence. 
Calibration solutions were used within 24 hours of 
preparation, after which new solutions were prepared.
2. Calibration of the fluorochrome.
Relatively good regression lines describe the 
relationship between fluorescence intensity and:
1) concentration of Nile Red in a stained solution 
of peanut oil (Table 4, Fig 3);
2) mass of lipid in microdroplets of stained 
peanut oil (Table 5, Fig 4).
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2 Stability of the fluorescence in the first 24 hours, of three solutions 
of peanut oil stained with powdered Nile Red (X, 20 ug/ml), and 
stock solution of Nile Red in acetone at 5 ug/ml (+) and 10 ug/ml (*).
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Of the two types of relationships studied, the one 
corresponding to solutions of stained peanut oil at a known 
concentration is a better one, as described by the higher 
correlation coefficients (between 0.97 and 0.98 as compared 
to between 0.88 and 0.98), and lower dispersion of the data 
points around the fitted lines. This is not surprising 
because the error associated with the replication of 
solutions stained at a same concentration of Nile Red is 
likely to be smaller than the error associated with the 
calculation of the amount of lipid present in a microdroplet 
of measured diameter. In the last case, the error in 
measuring the diameter is cubed when the volume of the drop 
is calculated. This error is reflected in the larger 
variation in fluorescence intensities of bigger drops 
compared to small drops.
Change in the focal distance resulted in variation of 
the fluorescence intensity of peanut oil droplets (Fig 4) . 
Fluorescence intensity was higher for focused droplets 
(focus 1) than for unfocused droplets (focus 2). This result 
stresses the importance of maintaining a constant focal 
plane for all measurements. The importance of focus in the 
formation of the fluorescence image is pointed out by Agard 
et al. (1989). In order to evaluate this method as a 
standard for the fluorochrome (one of the objectives of the 
second part of the study), the fluorescence of only focused
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droplets was measured.
The second relationship required to estimate absolute 
lipid content by the "solution" method also showed high 
values for the coefficient of correlation (0.96, 0.95, Table
6, Fig 5); however, the equivalence between curves obtained 
with different calibrations of the 100 % setting on the
fluorometer was not exact (Fig 6) . For example, using the 
curve obtained by calibrating the system with a solution of 
peanut oil stained at a concentration of 10 ug/ml (Fig 5b), 
a concentration of 2.5 ug/ml corresponds to a solution of 
peanut oil saturated with Nile Red at 0.47% (prepared by 
dilution of a stock 100% saturated) (the dilution necessary 
to obtain solutions that fluoresce in the range of the 
oyster larvae is very large). With the curve obtained when 
the system was calibrated with a solution of 2.5 ug/ml 
(Fig 5a), that same concentration corresponded to 0.52% 
saturation. A difference of 0.05 % is equivalent to 2
nanograms of lipid for a pin hole aperture of 1.0 mm (the 
smallest field of view) , but as the pin hole aperture is 
larger, the difference increases to 31 nanograms of lipid 
for the pin hole aperture of 5 mm. In both cases, with the 
small and the big pin holes the difference is quite 
significant if compared to the expected changes in lipid 
content from one larval stage to another. If the same 
calibrator is used throughout the study, the relative change
39
in lipid content from one stage to another could be 
detected, but the accuracy of the absolute values obtained 
remains in question.
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Fig 3 Regression lines between the fluorescence of peanut 
oil solution (X) stained at various concentrations 
of Nile Red (Y), for 4 pin hole apertures 
(lmm(a),1.6mm(b),2.5mm(c),5mm(d)), using as 
calibrator of the fluorometer a solution of stained 
peanut oil (10 ug/ml) . R2 is the coefficient of 
determination. N=16.
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Table 4 Coefficients of the regression line Y=a+bX
between fluorescence of stained solution of 
peanut oil (X) and concentration of Nile Red 
(ug/ml)(Y), for 4 pin hole apertures and 
calibration of the fluorometer with a solution 
of stained peanut oil at 10 ug/ml. R2 is the 
coefficient of determination and N is sample 
size.
PIN HOLE 
APERTURE 
(mm)
REGRESSION COEFFICIENTS R2(%) N
a b
1.0
1.6
2.5
5.0
4.7
4.8 
4.1 
5.0
10.6 
10.1 
10.4 
1 0. 2
97.7 
98.0 
97 .8 
97.6
16
16
16
16
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Fig 4 Regression lines between the fluorescence of 
stained peanut oil droplets (X) and lipid 
content (nanograms) for 4 replicates and two 
different focus positions. R2 is the coefficient 
of determination. N=20. See text for details on 
microscopy.
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Table 5 Coefficients of the regression line Y=a+bX
between fluorescence of stained peanut oil 
droplets (X) and lipid content in nanograms 
(Y), for two focal distances. R2 is the 
coefficient of determination and N is the 
sample size.
REPLICATE FOCUS REGRESSION COEFFICIENTS R2(%) N
a b
1
2
3
1
1
1
10. 9
7 . 3
8 . 0
3 . 17 
2 .47 
2 . 66
91.3 20 
88.0 20
98.3 20
1
2
3
4
2
2
2
2
11. 4 
7 . 8 
7 . 9 
20.1
3 .45 
2 .71
2 . 87
3 . 01
92.3 20
88.8 20 
97.7 20
90.1 28
44
1 20
Collbrator 2 .5  u g /m l
100
8 0
0 -
-20
0 .5 0.60 .2  0 .3
% pearvut oil saturated with Nile Red
0 .4
9 0
Calibrator 10 u g /m l8 0
70
50
40
3 0
0 ■
- 1 0
0 .2  0 .3  0 .4  0 .5  0 .6  0 .7
% o f  s a tu ra t io n  o f  s ta in e d  p e a n u t o il
0 .9
Fig 5 Fluorescence intensity measured as function of
percentage of saturation with Nile Red of peanut 
oil solution prepared by diluting a 100 % 
saturated stock. Peanut oil solution stained with 
stock solution of Nile Red dissolved in acetone at 
2.5 ug/ml (a) and 10 ug/ml (b) were used to 
calibrate the fluorometer.
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Fig 6 Relationship between concentration of Nile Red in peanut oil and 
% of saturation with Nile Red of a solution of peanut oil (diluted 
from a 100% saturated stock). Lines correspond to two different 
calibrations of the fluorometer.
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Table 6 Coefficients of the regression line Y=a+bX
between fluorescence intensity (X) and 
percentage of saturation with Nile Red of 
solution of peanut oil (Y), for two different 
calibrations of the fluorometer. R2 is the 
coefficient of determination and N is sample 
size.
CONCENTRATION OF 
CALIBRATOR SOLUTION
REGRESSION COEFFICIENTS R2(%) N
a b
2.5 ug/ml 3.42 0.484 96.9 9
10.0 ug/ml 7.09 1. 320 95.9 15
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3. DEVELOPMENT OF THE STAINING PROTOCOL.
I. Effect of carrier solvent and fixation.
a) Excitation and emission spectrum.
The excitation and emission spectra of the fluorescence 
of Nile Red dissolved in acetone, ethylene glycol, and 
peanut oil show differences in their respective peaks (Fig 
7, Table 7).
b) Stained larvae.
The interaction term between the two factors, carrier 
solvent (acetone and ethylene glycol) and fixation (present 
or not) , was highly significant (Table 8) ; that is, the 
effect of the carrier solvent varied depending upon whether 
or not the material had been fixed. Analysis of simple 
effects (Steel and Torrie, 1980) resulted in significant 
difference between the two carrier solvents either when 
fixation of the sample was performed (p< 0.000) or not
(p=0.02 6), and significant difference between fixed and non­
fixed samples, for each carrier solvent (Table 9) , 
Fluorescence is greater when the dye is carried by acetone. 
When samples have been previously fixed the fluorescence 
decreases in the case of acetone and increases in the case
of ethylene glycol (Fig 8, Table 10).
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Larvae stained with Nile Red in acetone showed an area 
located towards the hinge which fluoresced intensively; in 
most cases bright fluorescent spots could be distinguished 
(probably corresponding to the lipids). For either ethylene 
glycol or procedures using fixation before staining, a
general background fluorescence of the larvae could be 
observed but not the bright area or spots previously 
described. A post-staining fixation for a period of 5 
minutes does not interfere with the action of the stain as 
illustrated by the clear observation of bright fluorescent 
areas and drops in the fixed larvae.
c) Stained peanut oil droplets.
The same trend observed for the larvae was found for
the standard solution of peanut oil droplets. The 
fluorescence was considerably higher when the stain was
dissolved in acetone, and fixed droplets fluoresced less 
than unfixed droplets (Figs 9 and 10). Unfixed drops stained 
with Nile Red in ethylene glycol did not fluoresce (the 
slope of the regression line was no different from zero 
p=0.034, Table 11), and the fixation resulted in an increase 
of the fluorescence, although this was very small (Fig 10).
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Fig 7 Excitation and emission spectra of Nile Red fluorescence in various solvents.
Concentration of the dye is 1 ug/ml in acetone and ethylene gfycol, and 1.2% of 
saturation in peanut oil. Excitation spectra was measured at the corresponding 
maxima of emission for each particular solvent. Emission was measured at 530 
nm wavelength excftation for all solvents.
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Table 7 Excitation and emission maxima of Nile Red
fluorescence in various solvents. Concentration of
the dye is 1 ug/ml in acetone and ethylene glycol,
and 1.2 % of saturation in peanut oil.
SOLVENT EXCITATION MAXIMUM EMISSION MAXIMUM
WAVELENGTH (nm) WAVELENGTH (nm)
Ethylene glycol 558 649
Acetone 523 609
Peanut oil 476 582
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Fig 8 Fluorescence of fixed and unfixed larvae stained with Nile 
Red dissolved in acetone or ethylene glycol (10 ug/ml). 
Bars represent standard deviations of the means.
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Table 8 Results of analysis of variance to test for 
effect of carrier solvent of Nile Red and 
effect of prior fixation with 10% 
paraformaldehyde. * next to numbers means 
significant difference at alpha level 0.05, and * 
next to text represents the interaction terms.
df MS F P
Solvent 1 473.70 27.22** 0.000
Fixation 1 346.90 23.51** 0.000
Solvent*fixation 1 929.67 63.01** 0.000
vial(solvent) 8 139.21 1.18 0.411
f ixation*vial(solvent) 8 118.04 2 . 38* 0.018
Error 180 1114.26
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Table 9 Analysis of simple effects for carrier solvent 
of Nile Red and prior fixation with 10% 
paraformaldehyde for 30 minutes. * means 
significant difference at alpha level 0.05.
acetone vs ethylene glycol
no fixation 195.04** 0.000
with fixation 5.43* 0.0206
no fixation vs fixation 
acetone
ethylene glycol
172.31** 0.000
10.05** 0.0018
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Table 10 Fluorescence means of fixed and unfixed
larvae stained with different solutions of 
Nile Red (final concentration 10 ug/ml), 
and of their respective correction blanks.
UNFIXED FIXED
mean(sd) mean(sd)
Larvae stained with Nile Red 
in acetone
11.2 (5.0) 4.3 (0.8)
Larvae stained with Nile Red 
in ethylene glycol
3.8 (1.3) 5.5 (1.0)
Larvae unstained (in water) 1.5 (0.3) 2.4 (0.9)
Larvae unstained 
(in ethylene glycol) 2.8 (0.5) 4.5 (1.0)
Larvae treated with 
chloroform stained with 
Nile Red in acetone
4.8 (1.0) 4.8 (0.9)
Larvae treated with chloroform 
stained with Nile Red in 
ethylene glycol
4.6 (1.4) 4.6 (1.7)
Solvent acetone — no fixation
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Relation between fluorescence intensity and lipid 
mass for "unfixed" (a) and "fixed" (10% 
paraformaldehyde)(b), peanut oil droplets stained 
with Nile Red in acetone at 10 ug/ml.
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Fig. 10 Relation between fluorescence and mass of lipid for peanut 
oil droplets "unfixed" and “fixed" with 10% paraformaldehyde 
for 30 minutes, stained with Nile Red in ethylene glycol (10ug/ml).
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Table 11 Coefficients of the regression line Y=a+bX between
fluorescence of peanut oil drops (X) stained with 
Nile Red dissolved in acetone or ethylene glycol 
(10 ug/ml) and the mass of lipid contained in the 
drops (Y). Results include the effect of fixation 
with 10% paraformaldehyde for 30 minutes before 
staining. R2 is the coefficient of correlation and 
N is the sample size.
TREATMENT CARRIER
PRE-STAINING SOLVENT
REGRESSION R2 
COEFFICIENTS %
N
a
NO
FIXATION acetone 3. 8 0.94 96.8 40
ethylene glycol 22.9 25.8 34.2 11
WITH
FIXATION
acetone 4. 3 1.33 79.7 34
ethylene glycol 13.9 146.0 90.0 11
II. Effect of algal lipid present in the guts
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After 6 hours of starvation, the fluorescence intensity 
of larvae was lower compared to that of fed larvae (p=0.019 
Fig 11) . This difference probably reflects a difference in 
the gut content since six hours of starvation should not be 
enough time to induce the larvae to consume the lipid 
reserves accumulated in the body.
Based on the results obtained by the analysis, larvae 
were starved for 6 hours prior to any treatment.
III. Time-course experiments.
The means of the fluorescence intensity of stained 
larvae did not change significantly during the first 6 hours 
(Fig 12, Tables 12 and 13). When a concentration of 5 ug/ml 
of Nile Red was used no change was detected over a 13 hours 
period. Based on these results, the time at which the 
samples should be measured for fluorescence is not critical, 
and any time whithin the first 6 hours is convenient.
The concentration of Nile Red used to stain the larvae 
did not produce detectable variation in the degree of 
stability of the fluorescence. Although only two 
concentrations were tested in this experiment, it is assumed
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that concentration of Nile Red is not a factor controlling 
the stability of fluorescence over time. To study the effect 
of the concentration of the dye on the intensity of the 
fluorescence all samples were analyzed between 1 and 2 hours 
after staining.
Under continuous excitation, fluorescence intensity 
decreased between 36 and 66 % during the first 10 minutes
(Fig 13). In some cases the decrease was faster during the 
first minute, but in others fluorescence decreased at a 
constant rate. Averaging results, the decrease occurring 
during the first minute of continuous excitation 
corresponded to 5 - 22% of the initial intensity.
IV. Staining time
The fluorescence of stained larvae varied with the 
staining time (Table 14). The lowest fluorescence intensity 
corresponded to the time of 1 hour, and no significant 
difference between 1.5 and 2 hours was detected (Table 15, 
Fig 14).
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Fig 11 Fluorescence of stained oyster larvae unfed for 6 
hours prior staining and larvae fed during the same 
period. Bars represent standard deviations of the 
means. N=60
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Fig 12 Evolution of the fluorescence of stained
larvae in time, at two concentrations of Nile 
Red, 5 ug/ml (a,b) and 10 ug/ml (c). For the 
concentration of 5 ug/ml, results from two 
experiments are shown. Bars represent
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Table 12 Fluorescence intensity through time of larvae 
stained with Nile Red at 5 and 10 ug/ml. 
Numbers represent the means and corresponding 
standard deviation (sd). Different larvae were 
used for each experiment.
CONCENTRATION TIME FLUORESCENCE LENGTH OF
OF NILE RED (hours) mean (sd) LARVAE
(ug/ml) (um + sd)
0 6.4 (4.0) 139.8 +8.0
1 6.4 (4.1)
2 7.4 (4.1)
13 5.9 (5.7)
0 8.9 (3.5) 130.3 +4.9
2 8.7 (3.6)
4 8.9 (4.9)
10 0 17.7 (8.1) 169.4 +9.2
2 16.7 (7.9)
4 19.1 (8.8)
6 18.4 (7.7)
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Table 13 Results of analysis of variance to test for the 
effect of time in the fluorescence intensity of 
stained larvae, at two concentrations of the stain 
Nile Red, 5 ug/ml and 10 ug/ml. For 5 ug/ml two 
experiments were done, testing a different range 
of times.
CONCENTRATION SOURCE df MS F P
OF NILE RED 
(ug/ml)
5 time(0,1,2,13) 3 23 . 27 1.11 0 .399
vial(time) 8 20.90 1.07 0 .440
slide(vial) 12 19.47 1.25 0. 251
error 216 15.59
5 time(0,2,4) 2 0. 95 0. 04 0.957
vial(time) 6 21. 63 1 .10 0 .433
slide(vial) 9 19 . 73 1.22 0. 284
error 162 16. 13
10 time(0,2,4,6) 3 60.56 0 .89 0 .488
vial(time) 8 68 . 32 1. 06 0. 447
slide(vial) 12 64.38 0. 97 0 . 477
error 216 66.29
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Fig 13 Change in fluorescence intensity of individual oyster 
larvae exposed to continuous excitation light. Each 
line corresponds to one individual.
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Table 14 Analysis of variance to test for effect of
staining time on larval fluorescence. * means 
significant difference at alpha level 0.05.
df MS
Staining time 2 1252.69 7.27* 0.025
vial(within time) 6 172.36 1.74 0.169
slide(within vial) 18 99.10 1.33 0.171
Error 243 74.68
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Fig 14 Fluorescence means of stained larvae as function 
of the duration of the staining process. Bars 
represent standard deviation of the means. N=60
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Table 15 Comparison of fluorescence means of stained
larvae for staining times of 1, 1.5 and 2 
hours using the T3 method. SE* and df* are 
the Satterthwaite's adjusted standard 
deviation and degrees of fredom; CV is the 
minimum significant difference, Xi-Xj is the 
actual difference between means.
Times compared (i,j) SE* df* CV Xi-Xj
1 hour vs 1.5 hour 1.2763 145 2.73 6.3*
1.5 hour vs 2 hour 1.4777 176 3.16 0.3
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V. Concentration of fluorochrome required to saturate the 
larvae
In the first experiment where concentrations of 5, 10
and 15 ug/ml of Nile Red were used, the fluorescence
intensity decreased with an increase in the concentration of 
the stain (Fig 15, Table 16). The means of larval
fluorescence corresponding to each concentration differed 
significantly in all cases (p< 0.000 Tables 17 and 18) . The 
highest fluorescence corresponded to the lowest 
concentration used in this experiment, 5 ug/ml. The second 
experiment, where a lower range of concentrations was used, 
resulted in no significant difference among the fluorescence 
means (p=0.091, alpha 0.05; Fig 15, Table 16). The results 
suggest that saturation of the stainable material is reached 
with concentrations in the range of 1.25 - 2.5 ug/ml and
beyond that an increase in concentration produces a decrease 
in the fluorescence. With low concentrations of Nile Red, 
the larvae swim during the complete staining period. This 
probably facilitates the penetration of the stain to the 
interior of the tissues, and as concentration increases the 
time the larvae remain closed before becoming active again 
is longer. In concentrations as high as 10 and 15 ug/ml , 
larvae remained inactive on the bottom during the staining 
period although they were not killed (they recuperated 
rapidly after washing out the stain).
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Fig 15 Fluorescence of larvae stained with various
concentrations of Nile Red. Larval length was 
196.4 um for Exp 1 and 240.8 urn for Exp 2. 
Bars represent standard deviation of the 
means. N=60
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Table 16 Fluorescence means of larvae stained with
different concentrations of Nile Red. SD is 
the standard deviation and N is the sample 
size.
CONCENTRATION OF 
NILE RED (ug/ml)
MEAN SD N
EXPERIMENT 1 5.0 27.3 9.6 60
H O » o 16 .5 7.4 60
15. 0 9.0 4 . 8 60
EXPERIMENT 2 1. 25 11.8 4 . 3 60
2.5 11.7 4 . 6 60
5.0 7.3 3 .1 60
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Table 17 Analysis of variance to test for effect of 
concentration of Nile Red (5, 10 and 15
ug/ml) on the fluorescence of stained larvae.
df MS F P
Concentration 2 5069.71 124.34** 0.000
vial(within concentration) 6 40.77 0.27 0.937
slide(within vial) 9 150.41 2.91* 0.003
error 162 51.76
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Table 18 Comparison of means of larval fluorescence
for three concentrations of Nile Red (5 , 10 
and 15 ug/ml), using the T3 method. SE* and 
df* are Satterthwaite's adjusted standard 
deviation and degrees of freedom, CV is the 
coefficient of variation or minimum 
significant difference (calculated using 
Welch's approximate t test), and Xi-Xj is the 
difference between means.** next to numbers 
means significant difference at alpha level 
0.05.
Concentrations (i j) SE* df* CV Xi-Xj
5 ug/ml - 15 ug/ml 1.3781 86.5 3.0
5 ug/ml - 10 ug/ml 1.5631 111.2 3.4
l'Oug/ml - 15 ug/ml 1.1393 100.3 2.5
18.3 ** 
10.8 * *  
7.5 **
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DISCUSSION
Carrier solvent, fluorochrome concentration and fixation.
The results obtained in this study reflect the high 
sensitivity of the fluorochrome Nile Red to the properties 
of solvents. Comparison between acetone and ethylene glycol 
as carrier solvents for Nile Red showed a significant shift 
in the excitation and emission maxima of fluorescence of the 
staining solution. Results for the carrier solvents acetone 
and ethylene glycol agree with published results (Greenspan 
and Fowler, 1985; Sackett and Wolff, 1987). The fluorescence 
maxima varies depending on the hydrophobicity of the 
surrounding medium; a decrease in the excitation and 
emission maxima corresponding to decrease in polarity 
(Sackett and Wolf, 1987). The molecule of ethylene glycol is 
more polar than the acetone molecule because of the presence 
of two COH groups in the first compared to one C=0 in the 
second (Fig 16) (dielectric constants are 37 for ethylene 
glycol and 21 for acetone). The excitation and emission 
peaks of the fluorescence of stained peanut oil correlate 
well with the filters recommended in the literature to 
determine neutral lipids.
The nature of the carrier solvent resulted in variation 
of fluorescence intensity of stained material (oyster larvae
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Fig 16 Structure of the molecules used as carrier solvent 
for the dye Nile Red.
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and peanut oil droplets) . This last aspect is of special 
consideration. When the staining solution is prepared with 
ethylene glycol the sensitivity of the fluorochrome is 
decreased to the degree that no fluorescence can be 
attributed to lipids. This seems to be a combination of 
effects: decrease in fluorescence intensity of the dye and
increase in the background fluorescence of the stained 
object (Table 10) . An increase in polarity from acetone to 
ethylene glycol results in a decrease in the intensity of 
the fluorescence as expected from the effect of solvent 
polarity on Nile Red discussed by Sackett and Wolf (1987). 
Brundrett et al. (1991) compared the efficiency of lipid 
stains in terms of staining intensity, color contrast and 
stability (assayed by formation of precipitates), using 
polyethylene glycol mixed with 90% glycerol (aqueous) as the 
carrier solvent for the dyes. This solvent is non-volatile 
and water-miscible. Among all the dyes studied only the non- 
fluorescent stain Sudan Red 7B and the fluorochromes Fluoral 
Yellow 088 and Nile Red, produced high contrast staining and 
stable solutions. Retention of the dye, and consequently 
prevention of its partition into the lipids, was observed 
when polyethylene glycol was used alone, suggesting that the 
increase in polarity due to the addition of aqueous glycerol 
improved the partition of the dye into lipids, and therefore 
the staining. If a small increase in the polarity of the 
carrier solvent favors the staining process, it would have
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been expected to find higher fluorescence with the material 
stained with Nile Red in ethylene glycol compared to 
acetone, because ethylene glycol is slightly more polar than 
acetone.
The fact that the larvae are surrounded by water when 
the dye is dissolved in acetone, and by ethylene glycol when 
dissolved in ethylene glycol, makes both systems quite 
different and the results may reflect a more complex 
interaction of solvents, polarity, surrounding medium and 
partition of the dye into the lipids. Although ethylene 
glycol is not a good carrier solvent for Nile Red, as shown 
in this study, the possibility exists that addition of some 
compounds may improve its performance and have value in the 
storage of samples for long periods.
Bivalve larvae can close their valves and become 
isolated from the surrounding medium. This isolation has an 
effect on the staining process, in that a high concentration 
of the stain does not necessarily ensure the saturation of 
the stainable material. With oyster larvae of C .virginica, a 
concentration of Nile Red of 1.25 ug/ml was enough to 
saturate larvae of the largest size examined, and the use of 
higher concentrations resulted in a decrease in the 
fluorescence. This result, although unexpected from first 
predictions, reflects the effect of "isolation" that the
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larvae create when the valves are closed. On the addition of 
more stain (in this case as a larger volume of stock Nile 
Red dissolved in acetone at 250 ug/ml), the larvae reacted 
negatively and reduced their activity.
The low intensity of fluorescence found in larvae 
stained with Nile Red dissolved in ethylene glycol could be 
partially due to the fixative effect of the glycol. Larvae 
die as soon as the stain is applied, generally with their 
valves closed; however, no difference was observed between 
larvae with their velum out (easier access of the stain) 
compared to the larvae with closed valves.
The effect of fixation with formalin or 
paraformaldehyde before staining has a complex nature. In 
both, larvae and peanut oil droplets, there is good evidence
that a fixation step prior to staining should be avoided.
Fixation is necessary to prevent larvae moving in the 
microslides during quantitative measurement. Different 
results with respect to effect of fixation on the 
fluorescence of material stained with Nile Red are reported 
in the literature. Similar staining was observed in fixed 
and unfixed preparations of monkey aorta cells (Greenspan et 
al. , 1985) and ciliates (Cole et al. , 1990) . In another
example, microalgae cells did not take up the stain when 
fixed prior to staining, but they did when fixed after
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staining (Cooksey et al., 1987).
Stability of the fluorescence
Fluorochromes that are resistent to fading are 
particularly valuable for quantitative studies. The 
relatively high stability of the fluorescence of larvae 
stained with Nile Red (up to 6 hours after staining) 
encourages the use of this fluorescence technique. Analysis 
of one group of larvae takes approximately 2 0 minutes, an 
unacceptably long period in cases where fluorescence rapidly 
decays. To minimize fading of the fluorescence the 
fluorochrome was excited only after the individual had been 
located in the desired position using bright field 
illumination. Fluorescence measurements were then taken 
within seconds of excitation. Also, excessive peripheral 
light was minimized by closing the diaphragm to illuminate 
only the field of view. Under continuous excitation, 
fluorescence of algal cells of the species Amphora 
coffeaformis developed rapidly and was stable for between 2 
and 7 minutes before fading began (Cooksey et al., 1987). 
The shape of the curve of fluorescence in time is 
characteristic for an individual species, and is probably 
related to the cellular permeability for Nile Red and 
whether the lipid is in small or large droplets within the 
cell (Cooksey et al. , 1987) . Fluorescence of C .virginica
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larvae decreased by as much as 60% of the initial value in 
10 minutes of continuous excitation. It is very important to 
control for this effect. Prolonged excitation of either the 
samples (oyster larvae), or the calibration solutions 
(stained peanut oil) should be avoided.
Standard for the fluorochrome
The development of the "microdroplet" method set the
basis for the first direct correlation between the measured 
intensities of fluorescent objects and the absolute amount 
of fluorescent substance (Sernetz and Thaer, 1970). Some 
potential disadvantages of this method are that it requires 
the exact maintenance of the spherical shape of the
droplets, and that the error of the diameter determination 
affects three-fold the calculation of the volume of the
droplets. The method has been applied using droplets of very
small diameter (up to 20 urn) immersed in resin (Ploem, 
1969) . To apply the same principle in the study of bivalve 
larvae, a larger size range of droplets was covered (up to 
100 urn) , and flat, 300 urn deep glass capillaries were used. 
The use of these capillaries prevents "flattening" effects 
on the droplets but also increases the importance of focus. 
Objectives with a low numerical aperture (as used in this 
study) have a greater depth of focus than those with high 
numerical aperture (which are generally recommended for
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fluorescence microscopy) , but as the size of the object 
increases the proportion that remains out of focus also 
increases. When a solution of fluorochrome is used as 
standard it is easier to keep the error associated with 
focus relatively constant by setting the focus first on the 
object of study. When a solution containing microdroplets is 
used, that setting may not be the most convenient because 
the droplets are dispersed throughout the depth of the 
slide, and the setting that corresponded to well focused 
larvae may not correspond to well focused droplets. The 
relationship between fluorescence and lipid content of 
droplets was different for two focus settings, stressing the 
importance of the choice of focal setting in the final 
result. For application of the microdroplet method in the 
quantification of lipids in oyster larvae, the criterium to 
follow was to measure fluorescence of only focused objects, 
either larvae or droplets. For application of the solution 
method, the same focus setting used for the larvae was used 
for the standard.
At first sight the standardization using a solution of 
stained peanut oil seems more convenient in terms of 
reproducibility and precision in the measurements. This 
method answers the question of how much fluorochrome there 
is in the stained object (the relationship is fluorescence 
versus concentration of Nile Red in peanut oil solution),
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but this needs to be combined with a second relationship 
that correlates fluorochrome concentration with mass of 
lipid. This two-step procedure for final quantification 
increases the chances of error in the calculations. The 
microdroplet method is subject to error in the measurement 
of drop diameter, but the fluorescence associated with a 
certain volume of peanut oil lipid can be related to the 
equivalent in units of mass. Both methods offer advantages 
and disadvantages. For the next part of the study, the 
application of the fluorescence technique using both 
standards (peanut oil droplets and uniform solution of 
stained peanut oil) will be compared with a wet chemistry to 
estimate lipid content in larvae
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CONCLUSIONS
The protocol developed to stain oyster larvae with the 
fluorescent dye Nile Red, for quantification of lipid 
content, is as follows:
1. Before staining, the larvae must be left in 
filtered seawater for a period of about 6 hours, 
to allow clearing of the alimentary tract and 
decrease the chances of error associated with 
"contamination11 by algal lipids present in the 
digestive system. After that, a volume of 2 ml of 
filtered seawater containing between 200 and 1000 
larvae (depending on size) is collected in glass 
vials of 4 ml capacity, and 10 ul of stock 
solution of Nile Red dissolved in acetone (250 
ug/ml) added to make a final concentration of 1.25 
ug/ml. The sample is thoroughly mixed and left 
standing 1.5 hours. After this period, excess 
stain is washed out by rinsing with filtered 
seawater and 5 drops of 10% paraformaldehyde (or 
formalin) are then added for 5 minutes (to kill 
the larvae), and subsequently washed out by 
rinsing with filtered seawater. Fluorescence 
intensity can be measured at any time within the 6 
hours after the staining process is completed.
Two sources of "non-lipidM fluorescence must be 
corrected for. One is the background fluorescence 
of the medium surrounding the larvae, and the 
other is the fluorescence of the shell and tissues 
of the larvae. For the first one, the fluorescence 
of the medium is measured and substracted from all 
sample readings. For the second one, a blank is 
p r e p a r e d  by t reating larvae with 
chloroform:methanol (1:2) for a period of 24 hours 
before staining.
A solution of peanut oil stained with stock of 
Nile Red dissolved in acetone, at known 
concentration, proved to be a reliable standard to 
calibrate the fluorometer. Although the stability 
of the fluorescence may be longer than 24 hours, 
new solutions were prepared daily.
Both of the methods examined to standardize the 
fluorochrome, the microdroplet method and the 
solution method, offer advantages as well as 
disadvantages. Their reliability as a method to 
quantify the lipid content of bivalve larvae will 
be examined in the next section of this study.
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PART II. EVALUATION OF THE FLUORESCENCE TECHNIQUE
INTRODUCTION
The first part of this study dealt with the development 
of a protocol to stain oyster larvae with the fluorescent 
dye Nile Red. Results showed that the larvae take up the 
stain and saturation is achieved under appropriate 
conditions of stain concentration, time of exposure in the 
stain and use of fixative. Results also showed that the 
methods of standardization examined meet the necessary 
conditions of linearity between fluorescence intensity and 
concentration of stain, within the range of fluorescence 
observed in the larvae. The next question to address in 
continuing this work is: does the fluorescence technique
provide reliable method to quantify lipids in individual 
bivalve larvae?. This general question can be sub-divided as 
follows:
1. Is peanut oil a good lipid standard to study lipids 
in oyster larvae?
2. Does the technique provide accurate estimates of 
lipid content per individual larvae?
3. How sensitive is the method in detecting changes in
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lipid content?
4. Which of the two methods of standardization of the 
fluorochrome, microdroplet or solution method, gives 
better results?
To determine if estimates obtained by the fluorescence 
technique are within the expected ranges, results were 
compared with estimates obtained by analytical assay: 
extraction of lipids in a mixture of chloroform, methanol 
and water, and colorimetric reaction followed by 
spectrophotometric analysis.
During larval development changes in lipid content 
occur. These changes are associated with the growth of 
larvae and with demand on energy reserves. It is known that 
bivalve larvae utilize lipid reserves primarily during the 
early development before they begin to feed, during periods 
of nutritional stress, and during the process of 
metamorphosis (Holland, 1978; Mann and Gallager, 1984; 
Gallager et al., 1986; Gallager and Mann, 1986). To examine 
the response of the fluorescence technique to the changes in 
lipid content, larvae of the oyster Crassostrea virginica 
Gmelin were followed from fertilization to pediveliger stage 
(competent to metamorphose). At the same time, subsamples of 
larvae were exposed to "stressed1 conditions (starvation)
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for several days. The sensitivity of the fluorescent 
technique was compared with results obtained by wet
chemistry and literature values.
A comparison of results obtained by different methods 
is complicated by the fact that each method has advantages 
as well as disadvantages. The particular characteristics of 
the questions asked, the nature of the material analyzed, or 
particular conditions of the experiment, may also make one 
method more reliable than another. The nature of the lipid 
standards used is of critical importance because they
constitute the reference to which the results obtained for 
the samples are compared, and the final quantification is 
always relative to the particular standard used. Peanut oil, 
the lipid standard used in this fluorescence analysis, has a 
relatively low percentage of saturated fatty acids (Table
1), compared to proportions in the range of 30 -80% that
have been found in oyster larvae C. virginica (Chu and Webb, 
1984). Tripalmitin, the standard used in analytical assay, 
for both total and neutral lipids, is mainly formed by
radicals of palmitic acid, which is a saturated fatty acid 
(C16:0). There are differences between these two lipid
standards. To examine the "importance" of these differences 
in the lipid composition between peanut oil and tripalmitin, 
another "liquid" lipid, menhaden fish oil, was used for 
fluorescence analysis. This lipid contains higher
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percentages of saturated fatty acids (around 16%) compared 
to peanut oil, as well as long chain highly unsaturated 
fatty acids (Table 1). Results obtained by these two 
standards, peanut oil and menhaden fish oil, were compared 
to examine the type of differences, that is, in absolute 
estimates of lipid content and in direction of change and/or 
intensity of variation associated with larval development 
and effect of nutritional stress, that could be produced by 
differences in the composition of the lipid standards.
The design of this study provides an opportunity to 
examine the role of lipids during periods of nutritional 
stress. As mentioned before, there is extensive evidence 
that lipids, neutral lipids in particular, provide a large 
fraction of the energy utilized during those periods. 
Triacylglycerols accounted for more than 80 % of the total 
lipid utilized by C .virqinica larvae during periods of 
starvation (Gallager et al. , 1986), and constant and low
levels of neutral lipids were found in starved larvae 
C .virqinica while accumulation during larval development 
occurred in fed larvae (Chu and Webb, 1984).
To examine the effect of starvation in oyster larvae 
two questions were asked:
1. Is there a significant difference in the lipid
content of fed and starved larvae of the same age?.
Is there a significant difference in the lipid 
content of fed and starved larvae of similar 
size?. This question would take into account the 
fact that growth rate is generally lower for starved 
larvae, resulting in groups of same age but 
different size.
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MATERIALS AND METHODS
A group of adult C.virqinica were induced to spawn by 
increasing the temperature to 28-30°C. The eggs were 
collected and kept in tanks throughout development (Castagna 
et al., in press). Food was first provided at approximately 
24 hours after fertilization and then every two days, with 
the algae Isochrysis qalbana for the first week and later 
with a mix of I.qalbana and Thalassiosira pseudonana. Tanks 
were cleaned and water changed every two days.
Larvae were collected every two or three days, from 
eggs to pediveliger stage (the appearance of velum and 
pigmented spots "eyes'1 are considered to be indicators of 
metamorphic competence). The first "eyed" larvae were 
observed 15 days after fertilization, but larvae were 
collected until 17 days after fertilization. In every 
collection three samples were taken, one for fluorescence 
analysis, the second for analytical assay and the third for 
determination of larval dimensions (length and diameter). At 
days 3, 6, 10, 15 and 17 a fourth group of larvae was taken
and kept in glass bottles of 1.8 1 capacity filled with
filtered seawater (filter size 0.2 urn), for a period of 3 to 
4 days at densities of 10-15 larvae/ml, with no food added 
and water changed on the second day. After the corresponding 
period, samples for fluorescence and analytical assay were
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taken. This last group will hereafter be refered to as 
"stressed" larvae.
The procedures for analytical assay and fluorescence 
analysis were as follows:
I. Analytical assay
The larvae were collected using an appropriate mesh 
size, rinsed with a solution of ammonium formate (3% w/v 
isotonic to seawater), to displace the salt, collected in 
two vials and kept below 0°C until freeze dried. Dry weight 
of larvae was determined as the average of 3 groups of 15-50 
larvae weighed with a CAHN 29 automatic electrobalance.
The technigue used to determine lipids follows a slight 
modification of Holland and Gabbott (1971), Holland and 
Hannant (1973), and Mann and Gallager (1985).
a) Determination of total and neutral lipids.
1. Sonify 5-10 mg dry tissue in 0.7ml water
2. Take 200 ul for lipid assay
3. Add 250 ul CHCL3 + 500 ul CH3OH
4. Shake with vortex for 1 minute
5. Stand for 10 minutes at 40C
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6. Centrifuge for 10 minutes at 800g
7. To supernatant add 250 ul CHC13 and 250 ul H20
8. Shake with vortex for 1 minute
9. Remove top phase
10. Dry lower phase at 100°C for 15 minutes
11. Add 500 ul CHC13 to lipid residue
12. For total lipids: take 3 aliquots of 50 ul and 
dry for 20 minutes at 37°C. Add 500 ul H2S04, shake 
and heat for 15 minutes at 200°C. Cool and add 2.5 
ml H20 . Cool again and measure absorbance at 375 nm.
13. For neutral lipids: to remaining 350 ul of 
chloroform extract from (11), add 500 ul CHC13 and 
ca. 10 mg activated silicic acid. Leave for 15 
minutes at 4°C, shaking every 3 minutes. Centrifuge 
at 800g for 10 minutes. Take 200 ul supernatant and 
dry at 100°C for 20 minutes. Add 500 ul H2S04, shake 
and heat for 15 minutes at 200°C. Cool and add 2.5 
ml H20 . Cool again and measure absorbance at 375nm.
14. Tripalmitin was used as standard. Two calibration
curves were calculated, one each for total and
neutral lipids.
Results represent the average value of three 
replicates.
92
II) Fluorescence analysis
A volume of 2 ml of filtered seawater (FSW) containing 
between 200 and 1000 larvae was collected in glass vials of 
4ml capacity (3 replicates). The staining procedure follows 
the results obtained in the first part of this study:
1) A volume of 10 ul of stock solution of Nile Red in 
acetone (250 ug/ml) was added to sample vial (final 
concentration of Nile Red 1.25 ug/ml).
2) The vial contents were gently mixed and left for 1.5 
hours.
3) After 90 minutes, excess stain was washed out
with FSW, 5 drops of 10% paraformaldehyde
(adjusted to neutral pH) were added for 5
minutes, and washed out with FSW. The vial was 
filled with FSW and samples observed under the 
microscope within two hours after staining.
4) To correct for the fluorescence of ’'non-lipid" 
material (shell and other tissues), a subsample of 
larvae was immersed in a solution of 
chloroform:methanol (1:2 v/v) overnight prior to 
staining. After this period, the staining procedure
followed the steps described in 1) to 3).
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5) Larvae were then collected into microslides 100 mm 
long, 3 mm wide and 3 00 microns depth (Vitrodynamics) 
by capillary action. A Zeiss IM35 inverted microscope 
equipped with epifluorescence optics and a PMI-2 
photometer device was used for observation. The filter 
system was chosen to provide excitation light of 485 
nm and emission light between 515 - 565 nm. The field 
of view was reduced to match larval size with pin hole 
apertures ranging between 1 and 5 mm, inserted in the 
light path between the specimen and the photometer.
6) A total of 60 measurements of larval fluorescence were 
taken. To account for possible differences in the 
staining process and/or in the microslides used, two 
slides and 10 observations per slide were taken from 
each vial (3 vials total).
Peanut oil was the lipid standard used in fluorescence 
analysis. The density of peanut oil, determined by weight of 
known volumes, was 0.8985 gr/ml (+0.0151) at 22-25 °C.
Two methods of standardization were examined:
1. Peanut oil droplets stained with Nile Red by the same
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procedure described for the larvae ("microdroplet" 
method). Calibration curves were obtained for mass of 
peanut oil vs fluorescence intensity for 4 pin hole 
apertures (1, 1.6, 2.5 and 5 mm, Table 19).
2. Uniform solution of peanut oil stained with Nile Red at 
various concentrations ("solution" method). Calibration 
curves were obtained for the percentage of stained 
peanut oil lipid vs fluorescence intensity. Percentage 
values were converted to mass units of peanut oil lipid 
by calculating the corresponding concentration of 
stained peanut oil in units of g/ml (density of 100% 
stained peanut oil is 0.8985 g/ml) and multiplying this 
value by the volume of a cylinder of 300 um depth and 
corresponding diameter of the pin hole aperture (Table
2 0) .
Calibration curves using menhaden fish oil as standard 
were calculated using the microdroplet method, in the same 
way described for peanut oil (Table 19). Density of fish oil 
was 0.8904 (+0.0080) at 22-25 °C.
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Table 19 Coefficients of the regression line between mass 
of lipid standard in nanograms (X) and 
fluorescence intensity (Y), for peanut oil (1) 
and menhaden fish oil (2), obtained by the 
microdroplet method of standardization of the 
fluorochrome. The photometer was calibrated with 
peanut oil solution stained with Nile Red at 5 
ug/ml (solution A) and 2.5 ug/ml (solution B).
R2= coefficient of determination, N= sample size.
PIN HOLE PHOTOMETER REGRESSION COEFFICIENTS R2 N 
APERTURE CALIBRATION a b
(mm)
1.0 solution A 1) 3 . 25 0 . 767 0 . 96 39
2) 4 . 47 1. 100 0 .97 39
solution B 1) 2 . 38 0.517 0 .98 40
2) 2 . 44 0 . 636 0 . 99 40
1 . 6 solution B 1) 4 . 68 1. 170 0 . 80 39
2) 4 . 36 1 . 690 0 .98 40
2.5 solution B 1) 5 .62 1. 040 0 . 88 39
2) 3 . 19 3 . 660 0 .99 42
5.0 solution B 1) 7 .63 6 . 980 0.99 25
2) 12 . 00 8 . 710 0 . 98 38
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Table 20 Coefficients of the regression line
Y(*0.005)=a+bX between fluorescence intensity (X) 
and percentage of saturation with Nile Red of 
peanut oil solution (Y). Solutions A and B 
correspond to peanut oil stained with Nile Red at 
5 and 2.5 ug/ml respectively, used to calibrate 
the photometer. The % value obtained by this 
equation is multiplied by 0.005 to get the % 
expressed as function of 100% saturation (see 
text in Part I for details). R2 = coefficient of 
determination, N= sample size.
PIN HOLE CALIBRATION OF REGRESSION R2 N
APERTURE PHOTOMETER COEFFICIENTS
(mm) a b
1.0 Solution A 0.38 2.02 0.99 16
(5 ug NR/ml)
Solution B
(2.5 ugNR/ml) 0.55 0.942 0.99 16
> 1.0 Solution B 0.33 0.945 0.99 16
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Analysis of results
a ) Fluorescence analysis
To compare the mean values of lipid content per larvae 
obtained by the two standardization methods used in 
fluorescence analysis ("microdroplet" and "solution")/ 
analysis of variance with two factors, age of larvae and 
method used, was applied to the data corresponding to fed 
larvae. The same type of analysis was used to compare means 
obtained by the two types of lipid standard (peanut oil and 
menhaden fish oil), obtained with the microdroplet method. 
Variances were heterogeneous, and transformation to log 
scale did not correct for this. Underwood (1981) points out 
that the effect of heteroscedasticity in analysis of 
variance is to increase the chance of finding significant 
difference. This effect becomes more important when the 
probability values (P) obtained are close to the level of 
significance (p=0.05 or 0.01). Values of P<<<<<0.05 or 0.01, 
although inflated, still reflect significant difference 
between the compared means. Linear regression analysis was 
applied to measure the degree of association between 
variables.
b) Effect of nutritional stress
For the first question concerning the difference
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between fed and stressed larvae of the same age, means of 
lipid content for larvae of day 6 and 10 (fed and starved 
groups within each age) were compared. For the second 
question concerning the difference between fed and stressed 
larvae of similar size (but generally different age), two 
groups of similar length but one classified as stressed and 
the other as healthy, were compared. Comparison of means 
were effected using Welch's approximate t-test (Day and 
Quinn, 1989), which does not assume homogeneity of 
variances. These analyses were completed for both 
fluorescence and analytical assays.
c) Comparison between fluorescence and analytical assays
Regression analyses were applied to determine the 
degree of association between the two assays. All 
combinations were examined, that is, each one of the two 
standardization methods used in fluorescence with the 
estimates of total and neutral lipids obtained by analytical 
assay.
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RESULTS
Comparison of the two methods of standardization in 
fluorescence microscopy: microdroplet and solution methods
Estimated means of lipid content per individual larvae 
with the microdroplet method are higher compared to values 
obtained with the "solution" method (Fig 17, Table 21). 
Analysis of variance of log transformed data showed 
significant differences between both methods (F=1762.3 
p< 0.000 for alpha level 0.05 and 944 degrees of freedom). 
The ratio of the difference varies between 1.5 and 4.3, and 
no clear pattern of association between this ratio and age 
of larvae or condition of health (fed and starved) was 
observed. Regression analysis between the estimated means of 
lipid content shows a high degree of association between the 
two methods (R2= 0.986). This means that although absolute 
values of lipid content per larvae are different depending 
which method is used in the estimation, the trend of 
variation throughout larval development is the same.
Coefficients of variation (CV) of the samples are 
slightly larger with the solution method (Table 21). Values 
for stressed larvae were within the range obtained for fed 
larvae with the exception of starved pediveligers, where CV 
values were 74-79% and 60-62% for days 19 and 21
100
respectively, compared to 23% and 25-26% for fed
pediveligers of 15 and 17 days.
Comparison of the two lipid standards used in fluorescence 
analysis
Results obtained using microdroplets of menhaden fish 
oil were very similar to the results obtained with
microdroplets of peanut oil, in terms of both direction of 
the change and its magnitude. Estimates of lipid content, 
however, were always higher with fish oil (Fig 17, Table
21). Both variables are highly correlated, as shown by 
regression analysis (R2= 0.971).
Changes in lipid content during larval development 
a) Comparison of fluorescence and analytical assays 
i. Fed larvae
The means of lipid content per larva estimated by 
fluorescence and analytical assays vary in their absolute 
values and, in some instances, in the direction of the 
change of lipid content from one stage of development to
another (Fig 18, Tables 21 and 22). This is especially true
for stressed larvae. Regression analyses to compare degree
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Fig 17 Means of lipid content of oyster larvae throughout 
development to pediveliger stage, estimated by 
fluorescence analysis. Lines correspond to each of 
the standards used in the analysis, peanut oil 
solution, peanut oil droplets, and menhaden fish 
oil droplets. N=60
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Table 21 Estimates of lipid content per individual larvae
obtained by fluorescence analysis, with peanut 
oil (microdroplet and solution methods of 
standardization), and menhaden fish oil 
(microdroplet method) as standards.
X=mean lipid content (nanograms per larvae)
SD= standard deviation of the mean
CV= coefficient of variation of sample (%)
N= 60 in all cases.
PEANUT OIL FISH OIL
Age Days SOLUTION DROPLETS DROPLETS
days starved
X SD CV
%
X SD CV
%
X SD CV
%
0 0 17 . 8 2 . 8 16 37 . 4 5 . 3 14 53 . 4 7 . 6 14
1 0 6.0 1.5 25 18 . 9 4 . 3 23 23 . 0 5 . 3 23
3 0 1.8 0.4 22 7 . 0 1.0 14 8 . 1 1.2 15
6 0 5.4 0 . 8 15 20 . 5 2 . 4 12 27 . 2 3 . 5 13
8 0 22 . 9 8 . 6 38 33 . 3 10 . 6 32 100 . 6 37 . 2 37
10 0 9 . 6 4 . 6 49 17 . 0 5 . 7 34 43.2 20.0 46
15 0 86 . 3 20 . 1 23 217 . 2 49 . 4 23 273 . 5 61. 6 23
17 0 98 . 5 25 . 6 23 247 . 0 62 . 9 25 310 . 7 78 . 5 25
6 3 1.5 0.3 20 6.3 0 . 8 13 7 . 3 1. 0 14
10 4 3 . 3 0.5 15 14 . 3 1. 6 11 18 . 2 2 . 4 13
13 3 7 . 6 2 . 5 21 14 . 6 3 . 0 21 34 . 7 10. 6 31
19 4 32 . 4 25.5 79 84 . 7 62 . 7 74 108 . 1 78 . 3 72
21 4 44 . 6 29 . 1 62 119 . 7 71.4 60 151. 8 89 . 1 59
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of association between the various methods resulted in 
coefficients of determination between 83 - 86% when only the 
data for fed larvae was used, between 95 - 98% for stressed 
larvae, and between 58 - 68% when the data for fed and
stressed larvae was pooled (Table 23).
Values of lipid content of fed larvae were the highest 
with the microdroplet method except for two occasions, 
corresponding to larvae of 8 and 10 days post fertilization. 
On these occasions the estimates of total lipid by the 
analytical assay were higher (the significance of the 
difference was not determined because the experimental 
designs were very different). The solution method gives 
results that are intermediate between the values of total 
and neutral lipids obtained by analytical assay. Two major 
differences between fluorescence and analytical results for 
fed larvae were observed in the direction and/or magnitude 
of the change between one age and the next (Fig 18) . These 
are:
1. The lipid content of eggs estimated by fluorescence 
analysis was 37.4 and 17.8 nanograms/egg for 
microdroplet and solution methods respectively, and 4.3 
and 1.6 nanograms/egg for total and neutral lipids as 
estimated by analytical assay. Fluorescence results are 
much larger than analytical results. Further,the
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decrease between days 0 and 1 is very pronounced with 
the fluorescence method. This trend of decrease in 
lipid content continues until day 3 for fluorescence 
analysis, while no variation or a slight increase is 
observed with analytical assay.
2. From day 8 to 10 lipid content decreases by 
fluorescence, while a continuous increase is shown by 
analytical assay.
Results expressed as percentage of dry weight showed 
that eggs had the highest lipid content of any developmental 
stage. By fluorescence analysis these values were 45 and 93% 
respectively for solution and microdroplet methods, and 12 
and 4 % for total and neutral lipids estimated by analytical 
assay (Figs 19 and 20) . This lipid was rapidly "utilized" 
during the first days of development, after which relatively 
small changes occurred. With fluorescence analysis "eyed" 
larvae had a greater % of lipid than younger larvae, 
possibly indicating accumulation of lipids prior to 
metamorphosis. This trend was not observed in analytical 
results.
Comparison of fluorescence results, either by 
microdroplet or solution standardization, with the estimates 
of total and neutral lipids obtained by analytical assay of
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fed and stressed larvae, suggest a slightly better 
relationship with neutral lipids (Table 23) . When the data 
for fed and stressed larvae was pooled, the relationship was 
very poor with either total or neutral lipids.
ii• Stressed larvae.
Stressed larvae were characterized by practically no 
growth or change in their dry weight (Fig 21, Table 24).
Fluorescence analysis showed a decrease in lipid 
content of stressed larvae with respect to the group they 
were taken from at the moment the stress was initiated (for 
example, comparison of larvae 3 days old with stressed 
larvae 6 days old) (Fig 22a) . This trend is also observed 
when lipid content is expressed as % of dry weight (Fig 20). 
Results from the analytical assay, showed a similar trend 
for both total and neutral lipids of stressed larvae from 
days 6 and 10, but an increase or no change was observed for 
stressed larvae of greater age (days 13, 19 and 21) (Fig 22b
and c, Table 22). Expressed as percentage of dry weight 
lipid content does not show a constant pattern of change for 
either total or neutral lipids (Fig 20).
Means of lipid content of fed and stressed larvae of 
similar age were significantly different for the data
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obtained by fluorescence analysis (Fig 22a) (probability 
values for each comparison are shown in Table 2 5). The same 
analysis of analytical data results in a significant 
difference for larvae 10 days old, but no significant 
variation for larvae 6 days old (Fig 22b and c). The results 
corresponding to the analysis of lipid content in fed and 
stressed larvae of similar length, also varied between the 
methods (Fig 23). Significant differences were found for all 
cases compared with fluorescence data, but only two of four 
comparisons for total lipids, and one for neutral lipids 
(p < 0.05) (Table 25).
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Table 22 Estimates of total and neutral lipids per 
individual larvae, obtained by analytical 
assay, using tripalmitin as standard.
X= mean lipid content (nanograms/larvae) 
SD= standard deviation of the mean 
CV= coefficient of variation of the sample 
N= 3 , * N= 2.
Age Days TOTAL LIPIDS NEUTRAL LIPIDS
days starved
X SD CV X SD CV
0 0 4.3 1.1 26 1.6 0.3 19
1 0 3 . 2 1.6 50 1.0 0.1 10
3 0 4 .4* 0.2 5 1.7* 0.2 12
• 6 0 14 . 6* 1.3 9 6.9 2 . 5 36
8 0 39.0 5 . 2 13 14 . 8 1.8 12
10 0 59 . 7 7 . 2 12 18 . 6 1.7 9
15 0 115. 2 9 . 7 8 37 . 2 6.7 18
17 0 195. 8 65 . 3 33 52 . 0 5.0 10
6 3 6 . 6* 0 . 9 14 4 . 3 0 . 8 19
10 4 20 . 2 0 . 3 2 4 . 8 0 . 7 15
13 3 34 . 5 6 . 4 19 11. 6 2 . 8 24
19 4 148.9 11. 8 8 39 . 0 7 . 0 20
21 4 164 . 2 50 . 3 31 65. 5 29.2 45
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Table 2 3 Coefficients of determination (R2) between
estimates of lipid content per individual larvae 
as determined by fluorescence and analytical 
assays for fed larvae (a) N=8, stressed larvae 
(b) N=5 and for all data, fed and stressed larvae 
together (c) N=13.
FLUORESCENCE ANALYSIS (Peanut oil)
Microdroplet
method
Solution
method
ANALYTICAL ASSAY 
(Tripalmitin)
Total
lipids
a) fed
b) stressed
c) all
0 . 832 
0 . 953 
0 . 689
0 .846 
0.956 
0 .678
Neutral
lipids
a) fed
b) stressed
c) all
0 . 841 
0 .972 
0 . 597
0 . 863 
0 . 984 
0 . 589
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Fig 18 Means of lipid content of oyster larvae estimated by 
fluorescence (with peanut oil droplets and peanut 
oil solution as standards), and by analytical 
technique (total and neutral lipids with tripalmitin 
as standard), from fertilization to day 10 (a) and 
from fertilization to pediveliger stage (b). N=60 
for fluorescence, N=3 for analytical technique.
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Fig 19 Means of lipid content per individual oyster larvae 
expressed as percentage of dry weight, from day 0 
post-fertilization to day 3, estimated by 
fluorescence and analytical assays. Dashed lines 
correspond to stressed larvae.
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Fig 20 Means of lipid content per individual oyster larvae 
expressed as percentage of dry weight, from day 3 
post-fertilization to pediveliger stage, estimated 
by fluorescence assay (a) and by analytical assay 
(b). Dashed lines correspond to stressed larvae.
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Table 2 4 Length and dry weight of individual larvae during
development from eggs to pediveliger stage.
X = mean; SD= standard deviation
N= 3 0 for length measurements and N=3 for weight 
* values taken from Gallager et al.(1986).
Age Days Length (um) Weight (ug)
days starved
X SD X SD
0 0 53.0
1 0 64.6
3 0 79.1
6 0 115.1
8 0 162.7
10 0 210.4
15 0 297.3
17 0 292.8
6 3 81.9
10 4 115.4
19 4 297.9
21 4 288.4
2.6 0.04 *
1.5 0.06*
1.7 0.18 0.02
5.4 0.64 0.12
10.1 1.13 0.06
24.2 1.91 0.11
10.5 4.37 0.22
20.6 4.74 0.32
2.2 0.28 0.04
4.4 0.53 0.03
8.3 4.62 0.05
14 .7 4.68 0.21
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Fig 2 2 Lipid content of oyster larvae throughout
development from eggs to pediveliger stage, 
determined by fluorescence analysis, solution 
method (a) and by analytical assays (b and c). 
Dashed lines correspond to stressed larvae. Bars 
represent standard deviation of the means.
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Fig 23 Mean values of lipid content for fed and stressed 
oyster larvae of similar age, determined by 
fluorescence analysis (a) with peanut oil droplets 
as standard, and by analytical assay (b and c) with 
tripalmitin as standard. Bars represent standard 
deviation of the means. N=60 for (a), N=3 for (b 
and c).
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Fig 24 Mean values of lipid content for fed and stressed 
oyster larvae of similar length, determined by 
fluorescence analysis (a) with peanut oil droplets 
as standard, and by analytical assay (b and c) with 
tripalmitin as standard. Bars represent standard 
deviation of the means. N=60 for (a), N=3 for (b 
and c).
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Table 25 Probability values for the comparison of pairs of 
means between fed and "stressed11 larvae of the 
same age and between fed and "stressed" larvae of 
similar size, using Welch's Approximate t test 
(Day and Quinn, 1989).
** means significant difference between means at 
alpha level 0.05. * means significant difference 
between means at alpha level 0.01 but not at 0.05.
MEANS COMPARED FLUORESCENCE ANALYTICAL
PEANUT OIL TOTAL NEUTRAL
LIPIDS LIPIDS LIPIDS
Fed vs stressed 
same age_______
day 6 0 . 000** 0 . 087 0 .220
day 10 0 . 000** 0.011* 0 . 005*
Fed
same
vs stressed 
i lenath
day 6 vs daylO st 0 . 000** 0 . 110 0 . 280
day 10 vs dayl3 st 0 . 005** 0 . 020* 0.033*
day 15 vs dayl9 st 0 . 000** 0 .032* 0 . 770
day 17 vs day21 st 0.000** 0 . 550 0 . 510
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DISCUSSION
Comparison between methods of standardization and between 
lipid standards in the fluorescence technique
There are two noticeable differences between the 
methods of standardization used in fluorescence analysis 
(see corresponding section in Part I for more details) . In 
solution method, the depth of field was less that the 
"depth" of the solution in the light path that resulted in 
the quantitative reading. With the droplet method the depth 
of field was equal to or greater than the size of the 
droplet. Further, the fluorescing areas are quite different 
in size, with a droplet size of 20 to 100 microns in 
diameter for the microdroplet method, and a cylinder 
corresponding in diameter to the size of the pin hole 
aperture for the solution method being 130 to 530 microns. 
The differences in the results obtained with each method are 
probably related to the differences previously mentioned. It 
is expected that the trend of variation is the same because 
both types of estimates are based on the same units of 
fluorescence intensity. The idea of examining two different 
methods of standardization was to deermine which of them 
results in estimated values of lipid content closest to the 
results obtained with the analytical assay. Comparison of 
results between fluorescence and analytical assays, however,
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showed greater differences than expected, and thus does not 
provide a basis for selection of one particular method of 
fluorescence standardization.
Excitation and emission wavelengths used in 
fluorescence microscopy correspond to those that select for 
stained neutral lipids. Analytical results in the present 
study showed that the neutral lipids constitute between 2 3 
and 46 % of the total lipids in C . virqinica larvae. This
agrees with results from Gallager et al. (1986) who found 
the proportion of triacylglycerols to vary between 2 0 and 
40% for larvae of the same species. It was expected that 
estimates of lipid content obtained by fluorescence would be 
comparable to values corresponding to neutral lipids. 
Comparing values obtained by the microdroplet and solution 
standardization methods, the latter produces estimates of 
lipid content that are closer to the corresponding values of 
neutral lipids. The values obtained with the microdroplet 
standardization method are considerably higher. The reasons 
for this apparent overestimation by fluorescence analysis 
are not clear. When menhaden fish oil was used, results were 
even higher than for peanut oil, and assuming that fish oil 
more closely resembles the lipid composition of the oyster 
larvae, this result suggests that variation due to some 
source other than lack of similarity between peanut oil 
composition and oyster lipid composition is present.
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The differences found between peanut oil and menhaden 
fish oil can be explained by the different composition of 
saturated and unsaturated fatty acids of each oil. Fowler et 
al. (1987) report that saturation of the fatty acid moiety 
of the lipids significantly reduces the intensity of the 
Nile Red fluorescence produced. However, neutral lipids with 
a full complement of saturated fatty acid did stain and a 
minimal difference was observed between fluorescence of 
monounsaturated and polyunsaturated fatty acids (Fowler et 
al., 1987). Menhaden fish oil has a greater percentage of 
saturated fatty acids compared to peanut oil, which could 
explain the lower fluorescence of the microdroplets and 
subsequent higher estimates of lipid content; however, the 
close similarity between the trends shown by each standard 
suggest that, in terms of detecting variation, there is no 
difference between them.
Estimates of specific gravity of the oils are necessary 
to transform units of lipid volume into lipid mass. 
Therefore, the accuracy of estimates of lipid content per 
individual larvae is influenced by the accuracy of density 
values corresponding to the lipid standard used.
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Comparison between fluorescent and analytical assays
In general, the microdroplet method of standardization 
of fluorescence analysis provides the highest estimates of 
lipid content of all methods applied, followed by total 
lipid determined by analytical assay, then solution method 
by fluorescence and the lowest estimates for neutral lipids 
by analytical assay. For eggs, both fluorescence methods 
gave much larger estimates of lipid content than the 
analytical method. For the analytical method an estimate of 
dry weight of the eggs is necessary to calculate their lipid 
content. This estimate was taken from the literature, being 
possible that the value used for dry weight did not 
represent the eggs analyzed in this study, consequently 
resulting in error in the estimation of the lipid content in 
eggs determined by analytical assay, and in the % of lipid 
in the eggs estimated by fluorescent and analytical assays. 
For C .vircrinica eggs, means of lipid content have been 
estimated between 4.3 - 9.2 nanograms/egg (Gallager et al., 
1986) and 2.5 ng/egg (Lee and Heffernan, 1991). These values 
represented between 13 - 23% of the dry weight. By
fluorescence, the lipid content of eggs represented the 45% 
and 93% of the dry weight, by solution and microdroplet 
methods respectively. For the scallop Patinopecten 
yessoensis 20.6 and 29.6% of the dry weight corresponded to 
lipids (Whyte et al., 1987, 1991); and 20.3 % for Mytilus
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edulis (Bayne, 1975).
For fed larvae, similar trends in the change of lipid 
content during development are shown by both techniques with 
the exception of a decrease in lipid content from day 8 to 
10 postfertilization shown by fluorescence but not by 
analytical assay. Results from fluorescence analysis showed 
that fed larvae 10 days old had as low or lower % of lipids 
than the starved larvae of same age that were taken from the 
group 6 days old. It is possible that the sample taken at 
day 10 post fertilization was in relatively "poor" 
conditions at the time of analysis. The fact that starved 
larvae from that group, corresponding to day 13 post 
fertilization, also had low lipid content, decreases the 
chances of a failure in the technique when samples were 
analyzed, although the possibility should not be ignored. A 
decrease in the weight % of total w3 family fatty acids in 
the total and neutral lipid fractions of C.virginica larvae 
from day 8 to day 10 post-fertilization was observed by Chu 
and Webb (1984) , but no explanation to this event is given 
in the text. It is also possible that the sample of 60 
individuals used in the analysis was not representative of 
the population mean.
A major difference between methods was found in the 
information that each provides with respect to the effect of
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nutritional stress on the lipid content of larvae. 
Fluorescence analysis shows an effect of starvation in terms 
of decrease in the lipid content, even when the effect of 
different growth rate between fed and starved larvae of the 
same age is considered. The sample size corresponding to 
this method (60 in this study) , allows for detection of
relatively small differences. For example larvae 10 days old 
had a mean lipid content of 17 ng/larvae, and stressed 
larvae 13 days old but with similar length had a mean lipid 
content of 14.6 ng/larvae. Analytical assay also shows the 
effect of starvation on the lipid content, but the trends 
are less consistent. The fact that coefficients of
determination are relatively high for fed and stressed 
groups when treated separatedly, but low when considered 
together, suggest that a relationship exists between both 
techniques but it is different depending on the condition of 
the larvae. For fed larvae fluorescence gave higher
estimates of lipid content per individual, but for stressed 
larvae analytical results were higher (Fig 2 5 shows the 
comparison between lipids by solution method of fluorescence 
and neutral lipids by analytical assay).
Chu and Webb (1984) found that "starved" larvae of
C.vircrinica had a higher percentage of saturated fatty acids 
than fed larvae. In starved spat, the levels of unsaturated 
fatty acids decreased resulting in a concomitant increase in
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Fig 25 Linear relationship between means of lipid content 
for fed and stressed larvae, determined by 
fluorescence assay with peanut oil solution as 
standard, and neutral lipids determined by 
analytical assay, with tripalmitin as standard.
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the levels of saturated fatty acids (Langdon and Waldock, 
1981). As mentioned before, Nile Red fluorescence of 
saturated fatty acids is lower than that of unsaturated 
fatty acids. The lower lipid content of stressed larvae 
obtained by fluorescence analysis could also represent a 
change in the composition of the relative percentages of 
fatty acids between fed and stressed larvae.
With fluorescence analysis, information on individual 
variability is obtained on relatively large sample sizes, 
improving the fidelity of statistical analysis, and 
detection of differences between means. It could be that the 
differences found between methods reflect this fact. With 
the analytical method, although a much larger number of 
individuals constitute each replicate, fewer number of these 
are obtained.
Highly sensitive methods to detect differences in lipid 
content between groups of larvae may be of major importance 
for field studies. When larval development is followed in 
laboratory conditions, larval age is a known variable. This 
is not usually the case for larvae collected in the field. 
As found in this study, in agreement with the literature, 
lipid content is lower in fed than in stressed larvae of the 
same age, but it is important to consider that the stressed 
group is also of smaller size. To detect differences at this
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level highly sensitive methods may be necessary. The 
fluorescence technique seems to possess the sensitivity, but 
more information of the same kind is necessary to learn more 
about variability in lipid content of different batches of 
fed larvae and their corresponding starved groups.
There is evidence that Nile Red is an excellent lipid 
stain (Fowler and Greenspan, 1985; Greenspan et al., 1985; 
Fowler et al., 1987; Cole et al., 1990). If the conditions 
of a good staining procedure are met, which was the 
objective of the first part of this study, it is expected 
that the fluorescence technique would illustrate the trends 
of variation in lipid content during larval development. 
Further examination is necessary to make conclusions on the 
degree of accuracy of the estimates obtained with the 
fluorescent technique, and to select for one of the two 
standardization methods used in this study. However, the 
technique seems to be highly sensitive to detect changes in 
the lipid content and its composition.
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CONCLUSIONS
Fluorescence analysis offers some advantages of great 
importance:
1. It can be effected with a relatively small number of 
larvae, but still allow critical statistical 
analysis because data are collected on individual 
organisms.
2. It provides information on individual variability.
3. It appears to be highly sensitive in detecting small 
differences between groups of larvae. This would 
represent a valuable tool when comparing larvae of 
unknown age from the field with a "calibration 
curve" of larvae reared in laboratory or hatchery 
conditions.
4. It is a simple, fast process.
5. It avoids the multiple steps of the analytical assay 
that unavoidably increase the chance of error in the 
application of the technique.
A comparison of data obtained by fluorescence analysis
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with that obtained by analytical chemistry illustrates that 
both can describe variations in lipid content during larval 
development and under starvation stress. It is possible that 
the choice of standard and the method of calibration affect 
the absolute estimates of lipid content per individual in 
the fluorometric assay - just as the choice of standard 
affects quantitative estimates in analytical assay (Barnes 
and Blackstock, 197 3). Lipid composition of the standard can 
influence quantitative estimates in different manner in 
fluorescence and analytical methods, probably more so in the 
former due to the sensitivity of Nile Red to different lipid 
classes. Despite this, the ability of fluorescence analysis 
to illustrate temporal and ontogenetic trends in a manner 
comparable to analytical methods should strongly encourage 
further examination of this quantitative assay approach.
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